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We propose a model for combining the Standard Model (SM) with gravity. It relies on a non-
minimal coupling of the Higgs field to the Ricci scalar and on the Palatini formulation of gravity.
Without introducing any new degrees of freedom in addition to those of the SM and the graviton,
this scenario achieves two goals. First, it generates the electroweak symmetry breaking by a non-
perturbative gravitational effect. In this way, it does not only address the hierarchy problem but
opens up the possibility to calculate the Higgs mass. Second, the model incorporates inflation at
energies below the onset of strong-coupling of the theory. Provided that corrections due to new
physics above the scale of inflation are not unnaturally large, we can relate inflationary parameters
to data from collider experiments.
Introduction. — The results of LHC have been very
exciting. First, it has found the last missing particle of
the Standard Model (SM), the Higgs boson [1, 2]. Sec-
ondly, it has significantly constrained physics beyond the
SM. In many scenarios, the existence of new particles
close to the electroweak scale is now excluded. This gives
a significant motivation to study the proposal that no
new degrees of freedom exist anywhere above the weak
scale MF ∼ 102 GeV (see e.g., [3]). Such a situation is
self-consistent, since with the measured values of its pa-
rameters, the SM is a valid quantum field theory until the
Landau poles in the Higgs self-interaction and the hyper-
charge gauge interaction, which appear at exponentially
large energies, well above another fundamental scale of
Nature – the Planck mass MP = 2.44 · 1018 GeV.1
Other experimental and observational data that calls
for new physics, such as dark matter, neutrino oscilla-
tions and baryon asymmetry of the Universe, does not
require the presence of any new particle populating the
desert between the Fermi and the Planck scales, either.2
Moreover, the existence of new heavy particles (such as
leptoquarks of Grand Unified Theories) leads to the cele-
brated problem of the stability of the Higgs mass against
radiative corrections coming from loops with these su-
perheavy states [11]. If there are no such particles all to-
gether, the hierarchy problem as a concern about the sen-
sitivity of low-energy parameters to high-energy physics
1 Depending on the masses of the top quark and of the Higgs
boson, the Higgs self-coupling can become negative at energy
scales between 108GeV and MP and thereby give rise to another,
deeper minimum of the Higgs potential [4, 5]. Whether this
happens or not is an open question, given the uncertainties in
the determination of the top quark Yukawa coupling; see [6] for
a review. But even if our current vacuum is metastable, the
validity of the SM is not spoiled since its lifetime exceeds the age
of the Universe by many orders of magnitude [7].
2 For example, the Neutrino Minimal Standard Model (νMSM)
[8, 9], whose particle content is extended compared to that of
the SM only by three Majorana neutrinos with masses below
MF , may account for all these phenomena in a unified way (for
a review see [10]).
below the Planck scale disappears [3, 12, 13]. Another
aspect of the problem, however, remains, and it is cen-
tered around the question why the electroweak scale is so
much smaller than the Planck scale. This is one of the
issues that we shall address in the present work.
If we have only the SM (or νMSM) degrees of freedom
all the way up to the Planck scale, the question arises:
“How does the SM merge with gravity?” In this Letter
we show that the conformally-invariant (at the classical
level) SM coupled to gravity in the Palatini formulation
with non-minimal interaction between the Higgs field and
the gravitational Ricci scalar has a number of remarkable
properties indicating, perhaps, that this is a step in the
right direction. The Lagrangian of the model reads:
L = −M
2
P
2
R− ξH†HR+ LSM|mH→0 , (1)
where R is the Ricci scalar, H is the Higgs field, ξ > 0 is
the strength of its non-minimal coupling to gravity, LSM
is the SM Lagrangian, and mH is the Higgs mass.
We start from the well known facts about different sec-
tors of this theory. In the Palatini formulation of gravity
[14, 15], the metric gµν and the affine connection Γ
α
βγ are
treated as independent variables. In spite of the larger
number of field components as compared to metric grav-
ity, the number of physical propagating degrees of free-
dom – two of the massless graviton – is the same in both
theories. In the absence of the non-minimal coupling,
ξ = 0, Palatini gravity is moreover exactly equivalent to
the standard metric Einstein gravity.
The particle physics sector of the theory is the SM with
zero Higgs mass. It is well known that the Lagrangian
LSM|MH→0 has an extra symmetry – it is invariant under
the group of conformal transformations. What is most
important for us is that in this theory the Higgs mass
is predictable [16–18] (to be more precise, the ratio be-
tween the scalar and vector boson mass is computable).
The easiest way to see that is to use the minimal sub-
traction scheme for removing the divergencies. Here the
counter-terms are polynomials in the coupling constants
[19], and, if mH = 0, no counter-term is needed for the
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2mass renormalization, meaning that mH can be found in
terms of other parameters of the theory. This is true even
in the presence of gravity, because perturbative quantum
gravity corrections can only contain inverse powers of
MP [20]. To put it in different words, the renormaliza-
tion group β-function for m2H is zero if mH = 0 [19].
3
First, we are going to argue that electroweak symme-
try breaking in the theory (1) can be induced by the
non-perturbative semiclassical effect related to a singu-
lar gravitational-scalar instanton – a solution to classi-
cal equations of motion of Euclidean gravity.4 This ef-
fect has been already discussed in [23], but it can be
implemented more simply and with fewer ingredients in
the model considered here. For large values of the non-
minimal coupling ξ, we find that MF ∝ MP exp (−B),
where B is the instanton action. The observed hierarchy
of the Fermi and Planck scales requires B ∼ 30, which
we can easily achieve.
Second, we will show that the very same choice of
parameters leads to successful inflation. The role of
the inflaton is played by the Higgs field [24]. Due to
the non-minimal coupling of the Higgs field to gravity,
predictions of Higgs inflation in the Palatini formulation
of gravity are different from those in the metric case [25].
The prominent feature of this scenario is the increase
of the energy scale Λ, at which tree-level unitarity is
violated.5 In the original Higgs inflation, Λ is of the
order of MP /ξ and lies below inflationary scales [29, 30].
On the one hand, this makes it impossible to determine
the inflationary potential from the low-energy SM
parameters unless the “jumps” of the coupling constants
at the onset of the strong coupling regime happen to be
very small [26, 31]. On the other hand, the low value of
Λ is expected to lead to a breakdown of perturbation
theory during preheating [32, 33]. In contrast, Palatini
Higgs inflation gives Λ = MP /
√
ξ [34], which lies above
inflationary energies. As discussed in more detail in
[35], this allows us to establish a connection between
low- and high-energy parameters of the theory, provided
that corrections due to new physics are not unnaturally
large. Moreover, no strong coupling is expected to occur
during preheating. It is important to recall that in our
approach no new particles exist above the weak scale.
Consequently, the violation of tree-level unitarity at
3 That this remains true in the presence of a non-minimal coupling
ξ is discussed in appendix A.
4 Note that the Coleman-Weinberg effective potential [16] in the
SM cannot lead to electroweak symmetry breaking with the
experimental values of the Higgs self-coupling and top quark
Yukawa coupling (see, e.g., [21, 22]).
5 The scale Λ only applies to scattering in a vacuum background.
In metric Higgs inflation, the scale of unitarity violation is
background-dependent and during inflation it lies above infla-
tionary energies [26] (see also [27, 28]). In contrast, we expect
in the Palatini case that the scale of unitarity violation does not
increase in a non-trivial background (see appendix B).
the scale Λ is due to a strong-coupling regime of the
low-energy degrees of freedom.6
The model. — We are interested in the Higgs-gravity
sector of the model (1). The rest of the SM particles man-
ifest themselves through RG running of the Higgs quartic
coupling λ, which shapes the effective Higgs potential.
We neglect the running of ξ (see appendix C). When we
apply unitary gauge for the Higgs field, H = (0, h)T /
√
2,
the relevant part of the Lagrangian reads
L = −M
2
P + ξh
2
2
R+
1
2
(∂µh)
2 − λ
4
h4 . (2)
In order to make the kinetic term of h canonical, we
perform a Weyl transformation of the metric,
gˆµν = Ω
2gµν , Ω
2 = 1 +
ξh2
M2P
, (3)
followed by the field redefinition [25]
h =
MP√
ξ
sinh
(√
ξχ
MP
)
. (4)
Then Lagrangian (2) becomes
L = −M
2
P
2
Rˆ+
1
2
(∂µχ)
2 − U(χ) , (5)
and the scalar potential is given by
U(χ) =
λM4P
4ξ2
(
tanh
(√
ξχ
MP
))4
. (6)
Note that if we had worked in the metric formulation
of the theory (1), we would have arrived at the same
form (5) of the Lagrangian but with a different potential
U(χ). Thus, the non-equivalence of the Palatini and
metric formalisms manifests itself as the difference in
the self-interaction of the canonically normalized scalar
field.
Fermi scale. — Let us discuss how the model (1) can
elegantly accommodate the non-perturbative mechanism
of generation of the Fermi scale proposed in [23] and de-
veloped further in [37, 38]. Our starting point is the
expectation value of h in the path integral formalism:
〈h〉 ∼
∫
DhDgµνDΓ
α
βγ J h e
−SE , (7)
where SE is the Euclidean action of the theory.
7 We dis-
regarded the rest of the SM degrees of freedom since they
6 Further discussions of this idea of “self-healing” [26, 36] can be
found in [35].
7 Note that because of the presence of gravity, the Euclidean path
integral in eq. (7) must be taken with caution [39, 40].
3can only change the prefactor but not the exponential
dependence in our subsequent result (10). The factor J
denotes a nontrivial integration measure stemming from
the non-minimal kinetic term of gravity. It is absent if
all kinetic terms are canonical (see appendix D).
Our goal is to study if the path integral (7) possesses
saddle points besides the trivial one at 〈h〉 = 0. To this
end, we notice that by making the change of variable
according to eqs. (3), (4), the expectation value can be
written as
〈h〉 ∼ MP√
ξ
∫
DχDgˆµνe
√
ξχ
MP
−SE . (8)
Here we used that h > 0 (and, correspondingly, χ > 0) in
the unitary gauge and we performed the Gaussian inte-
gral over the connection Γαβγ . Since the metric and Pala-
tini formulations are equivalent in the absence of non-
minimal coupling, in SE the Levi-Civita connection is
used.
In eq. (8), it is natural to expect the term
√
ξχ/MP to
be included in the determination of the saddle point.8 As
in [23, 37, 38], our subsequent analysis is based on this
assumption. If it holds, then the dominant contribution
to the path integral is provided by extrema of
B =
∫
d4x
(
−
√
ξχ(x)
MP
δ(4)(x) +
√
gˆE LE
)
. (9)
The subscript E refers to the Euclidean signature. We see
that the Lagrangian is supplemented by an instantaneous
source and we used translational invariance of the theory
to evaluate the latter at the origin. The corresponding
saddle-point approximation gives
〈h〉 ∼ MP√
ξ
e−B , (10)
where B is the value of B, evaluated at a suitable Eu-
clidean classical configuration of the fields χ and gˆµν . The
approximation (10) only holds if B is large, since solely
in this case fluctuations above the classical background
are suppressed. Clearly, the same requirement naturally
leads to a hierarchy between the scales MP and MF . Now
it only remains to show that B possesses extrema such
that the resulting action is large but finite.
It turns out, however, that evaluating B in the theory
(5) leads to an infinite action, caused by a divergent value
of χ(0). The procedure for evaluating B is described be-
low, and the divergence is due to the source term for
χ in the modified action (9). At this point, we must re-
member that our theory enters strong coupling at a finite
energy scale. Therefore, its high-energy behavior is sensi-
tive to the existence of higher-dimensional operators. We
8 The same approach is used e.g., in the discussion of confinement
in gauge theories [41] and of multiparticle production [42].
can use those to remove the unphysical UV-divergence of
χ(0). As we shall show, it suffices to supplement La-
grangian (2) by the operator (in the Lorentz signature)9
δLδ = δ
M8PΩ
8
(
1 +
δ
Ω2
)
(∂µh)
6 , (11)
where δ > 0 and Ω is defined in eq. (3). Clearly, δLδ
does not introduce any new degrees of freedom. Hence,
it fulfills our assumption about the absence of new parti-
cles above the weak scale. Moreover, the operator (11) is
suppressed below the scale ∼ MP /
√
ξ as long as δ . ξ2.
Nevertheless, it is important to emphasize that our goal
is not to discuss a possible UV-completion of the the-
ory connected to the specific choice of the operator (11).
Instead, we want to demonstrate on a simple example
how regularization at high energies can be achieved. The
operator (11) is not a unique option; other derivative op-
erators produce the same effect on the instanton [23].
In the theory modified by the operator (11), we de-
termine extrema of B by varying it with respect to χ
and gˆµν . This yields Euclidean equations of motion sup-
plemented by the instantaneous source of χ. Since the
point source preserves the O(4)-symmetry of the theory,
we specialize to spherically-symmetric solutions. The
assumption that solutions of maximal symmetry min-
imize an Euclidean action is commonly used in stud-
ies of Euclidean gravity [45] (see also [46–49]), although
the proof of it is only known for scalar field theories in
flat space [50, 51]. Thus, we choose the ansatz ds2 =
f(r)2dr2+r2dΩ23 for the metric, where dΩ3 is the line el-
ement on a unit 3-sphere and f is a function of the radial
coordinate r. The equations of motion become
∂r
(
r3χ′
f
+
6δr3χ′5G(χ)
M8P f
5
)
− δr
3χ′6G′(χ)
M8P f
5
−r3fU ′(χ) = −
√
ξ
2pi2MP
δ(r) ,
6− 6f2 + 2r
2f2U(χ)
M2P
− r
2χ′2
M2P
− 10δr
2χ′6G(χ)
M10P f
4
= 0 ,
(12)
where we defined G(χ) = 1 + δ/ cosh2
(√
ξχ/MP
)
. One
boundary condition for the instanton comes from asymp-
totic flatness: χ → 0, f → 1 at r → ∞; another one is
due to the source: f → 0 as r → 0. Together, they select
a unique solution of eqs. (12). A possible curvature of the
background geometry is not important provided the cos-
mological length scale exceeds the size of the instanton
[37].
Although we postpone the study of fluctuations
around this solution to future work, a necessary condi-
tions for the validity of our result (10) is that B  1.
9 We choose this operator since the simplest option ∝ −δ(∂µh)4
(with positive δ) would violate positivity bounds [43, 44].
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Figure 1. Values of the non-minimal coupling ξ and the cou-
pling δ of the higher-order operator (11), for which B =
ln(MP /(
√
ξMF )). Admissible values of ξ are within the blue
area, the left bound coming from inflation and the right bound
coming from top quark measurements.
From the analysis of [23] it follows that the strength of
the source term determines the instanton profile and
eventually appears as a common factor in B. In turn, it
is apparent from eq. (12) that the non-minimal coupling
ξ controls this strength. Therefore, a value ξ  1
automatically gives a large B, unlike in the scenario
considered in [23]. Apart from the requirement ξ  1,
the two parameters ξ and δ are so far unconstrained.
But now we can solve eq. (12) and determine δ as a
function of ξ in such a way that 〈h〉 = MF . The method
is described in appendix E and the result is shown in
fig. 1. For the values of ξ admissible for inflation (see
below), δ is of the same order of magnitude as ξ2.
Inflation. — The potential (6) gives rise to inflation
at field values χ & MP /
√
ξ [25]. The spectral tilt and
tensor-to-scalar ratio are readily computed:
ns = 1− 2
N
, r =
2
ξN2
, (13)
where N is the number of e-foldings. In what follows,
we take N = 50.9 corresponding to ξ ∼ 107 [52]. The
prediction for ns is essentially identical to the original
scenario of Higgs inflation [24], but r is suppressed by an
additional power of ξ [25]. One can use the normaliza-
tion of the inflationary potential, extracted e.g., from the
Planck data [53], to relate ξ and λ:
ξ = 1.1 · 1010λ . (14)
At this point, the question arises if the high-energy value
of λ, which appears in eq. (14), can be derived from the
parameters of the SM measured at collider experiments.
The relevant energy for the evaluation of the correspond-
ing RG evolution is of the order of the top quark mass,
µ = ytMP /
√
ξ, where yt is the top Yukawa coupling and
yt ≈ 0.43 at inflationary energies [35]. It lies below the
scale Λ = Mp/
√
ξ, at which perturbation theory (defined
on top of the low-energy vacuum) breaks down [34].10
However, the separation of µ and Λ is small and, more-
over, λ, as evaluated within the SM, is close to zero and,
therefore, susceptible to corrections. For this reason, the
connection of low- and high-energy physics may break
down if contributions of strongly-coupled physics at Λ are
unnaturally large [35]. But if this is not the case, infla-
tionary parameters can be deduced from the low-energy
data using the SM running of the relevant couplings.
To a good accuracy the running of λ within the SM
can be presented as
λ(µ) = λ0 + b ln
2
(
µ
qMP
)
. (15)
Here q . 1, b ∼ 10−5, and λ0  1 are functions of the
parameters of the SM. Today, the largest uncertainty in
their determination comes from measurements of yt [6].
Plugging in λ(µ) in eq. (14), we can determine ξ as a
function of yt measured at the weak scale. For example,
taking the conservative bound mt & 170 GeV [57–60] on
the top pole mass as an input, we get [35]
ξ < 6.8 · 107 . (16)
Thus, barring the above remark about corrections due to
strong coupling at Λ, the lower bound on the top mass in-
ferred from collider experiments leads to an upper bound
on ξ. Improving precision in top quark measurements
narrows down the window of admissible values of ξ.
Inflation itself provides a lower bound on ξ, as was
already noticed in [61]. It is given by [35]:
ξ > 1.0 · 106 . (17)
Essentially, this constraint comes from the requirement
that after plugging in λ(µ) from eq. (15), the potential
(6) does not develop a stationary point below µ. If
we take the intermediate value ξ = 107 in between
the bounds (16) and (17), we obtain from eqs. (13)
that ns = 0.961 and r = 7.7 · 10−11. Both values
are consistent with recent measurements of the cosmic
microwave background [53].
Conclusion. — We have considered the Standard
Model with a conformally-invariant Higgs potential and
proposed a model for how it can be merged with Gen-
eral Relativity. The two key ingredients are the non-
minimal coupling of the Higgs field to the Ricci scalar
and the Palatini formulation of gravity. No new degrees
10 Also in the metric formalism, it is possible to increase Λ by
adding higher dimensional operators [54, 55] or new degrees of
freedom [56].
5of freedom are introduced beyond those of the SM and
the graviton. We have shown that after regulating the
theory with an exemplary higher-dimensional operator,
electroweak symmetry breaking can take place due to
a singular gravitational-scalar instanton. In this way, an
exponential suppression of the weak scale as compared to
the Planck mass is naturally achieved. Moreover, such
a setup offers the possibility to calculate the value of
the former. Finally, the same theory leads to success-
ful inflation with the Higgs boson as inflaton. Since the
scale of violation of tree-level unitarity lies above infla-
tionary energies, the Higgs potential during inflation can
be determined from the low-energy parameters of the
Standard Model, provided that corrections due to the
strong-coupling regime at higher scales are not unnatu-
rally large. This makes it possible to test inflationary
physics at collider experiments and vice versa.
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Appendix A: RG running of the Higgs mass. — The
goal of this appendix is to study the influence of the non-
minimal coupling ξ on the running of the Higgs mass.
Unlike in the rest of our work, we will first be more gen-
eral and allow for a non-zero Higgs mass mH , i.e., we add
to Lagrangian (2) the term −m2H/2h2. In the Einstein
frame, this leads to
δL = −m
2
HM
2
P
2ξ
 tanh
(√
ξχ
MP
)
cosh
(√
ξχ
MP
)
2
≈ −1
2
m2Hχ
2 +
5m2Hξ
6M2P
χ4 ,
(18)
where we expanded up to 4th order in χ in the second
step. Higher-order terms are suppressed by powers of
MP /
√
ξ and therefore are subleading. Since all kinetic
terms are canonical in the Einstein frame, we can apply
the standard RG equations of a massive self-interacting
scalar field. We conclude that the leading contribution
of the non-minimal coupling to the βm-function of the
Higgs mass is
δβm =
−5m2Hξ
4pi2M2P
m2H . (19)
The novelty of this term consists in the fact that it is no
longer suppressed by any coupling constant. However,
it still vanishes for mH → 0. Thus, the Higgs mass is
predictable in the theory (1).
Appendix B: Scale of unitarity violation in Palatini
scenario. — In the metric scenario, we know that the
scale of unitarity violation increases in a non-trivial back-
ground [26]. We want to investigate if the same happens
in the Palatini case. To this end, we follow the analysis
of [26] and study the scattering of gauge bosons. In the
unitary gauge, the Higgs boson interacts with a gauge
boson Aµ via the term
g′2
h2
Ω2
(Aµ)
2 , (20)
where g′ is the weak coupling constant. We observe that
at high energies, the coupling of the Higgs with gauge
bosons is weaker than without non-minimal coupling.
Therefore, the growth of the amplitudes involving lon-
gitudinal gauge bosons can no longer be compensated
by scattering with Higgs particles. The compensation
starts to fail as soon as Ω deviates from 1, i.e., when
h & MP /
√
ξ (equivalently, χ & MP /
√
ξ). At this point,
the amplitudesM of the longitudinal gauge bosons grow
as M ∼ E/ma, where E is the characteristic energy of
the process and ma is the mass of gauge bosons. Using
that ma ≈ g′MP /
√
ξ for h & MP /
√
ξ, we obtain the
amplitude
M∼
√
ξE
g′MP
. (21)
Up to the factor g′, which is of order 1, the scale
of unitarity violation therefore remains at MP /
√
ξ
even at large background field values. We emphasize,
however, that a more detailed study of the background-
dependence of the scale of unitarity violation remains to
be done.
Appendix C: RG running of the non-minimal coupling
ξ. — In our analysis, we have neglected the RG run-
ning of the non-minimal coupling ξ. We want to study
if this approximation is justified. Since at high energies
the Higgs mass scales as MP /
√
ξ both in the metric and
Palatini scenario, ξ obeys the same RG equation in both
cases, namely [62, 63]
µ∂µξ = − α
16pi2
ξ , (22)
where α = 3/2g′2 + 3g2 − 6y2t . Here g′ and g are the
SU(2) and U(1) gauge couplings of the SM, respectively.
In the approximation of constant α, eq. (22) is solved by
ξ(µ) = ξ0
(
µ0
µ
) α
16pi2
, (23)
where µ0 represents a reference energy scale.
As derived in [35], the high-energy value of the top
Yukawa coupling is yt ≈ 0.43. Using the same method,
6we deduce that g′ ≈ 0.44 and g ≈ 0.53.11 It turns
out that the contributions of the different couplings
largely cancel, α ≈ 0.03. Both for the computation
of the gravitational instanton and inflation, only field
values χ & MP /
√
ξ are relevant. In this region of pa-
rameter space, the renormalization scale is bounded as
µ & ytMP /
√
ξ tanh(1). Thus, the non-minimal coupling
can at most vary by ∆ξ/ξ ≈ 1− tanh(1) α16pi2 ≈ 5 · 10−5.
Nevertheless, one can wonder if such a change of ξ,
albeit small, can affect the flatness of the inflationary
potential. Numerical analysis analogous to the one
performed in [35] shows that this is not the case, i.e., all
predictions remain invariant. It is interesting to note,
however, that for α ∼ 1, small values of ξ near the lower
bound (17) are no longer viable.
Appendix D: path integral measure of scalar field. —
In eq. (8), we use the fact that once kinetic terms are
canonical, there are no additional contributions to the
path integral measure. In order to illustrate this point,
we explicitly perform the corresponding computation for
a fundamental scalar field h, i.e., we start from the La-
grangian
L = 1
2Ω2
(∂µh)
2 − V . (24)
This corresponds to the Higgs part of the action (2), after
performing the conformal transformation (3). For the
present discussion, Ω and V could be arbitrary functions
of h and other fields, but they must be independent of
∂µh. The corresponding conjugate momentum is Π =
1/Ω2 ∂0h so that the Hamiltonian density reads
H = Ω
2
2
(
Π2 + (~∂h)2
)
+ V . (25)
In terms of field variable and its conjugate, the path
integral (in Lorentzian signature) is
P =
(∏
x
∫
dh(x)dΠ(x)
)
exp
{
i
∫
d4xΠ∂0h−H
}
=
(∏
x
∫
dh(x)
)
exp
{
i
∫
d4xL
}
·
(∏
x
dΠ(x) exp
{
−iΩ
2
2
(
Π− 1
Ω2
∂0h
)2})
.
(26)
Performing the Gaussian integral in the last line, we ob-
tain, up to constant factors:
P =
(∏
x
∫
dh(x)
Ω
)
exp
{
i
∫
d4xL
}
. (27)
11 We thank Fedor Bezrukov for kindly providing us with a script
to do so.
Thus, we have derived the path integral measure of h in
the presence of a non-canonical kinetic term.12 It remains
to show that the measure becomes trivial once the trans-
formation to the canonical field χ is performed. This is
the case since dh = Ωdχ according to eq. (4):
P =
(∏
x
∫
dχ(x)
)
exp
{
i
∫
d4xL
}
, (28)
in accordance with the result displayed in eq. (8).
Appendix E: instanton solution. — We first consider
the theory without higher-dimensional operators. For
simplicity, we also switch off the potential. Then the
equations of motion become
r3χ′
f
= −
√
ξ
2pi2MP
, (29)
6− 6f2 − r
2χ′2
M2P
= 0 . (30)
They admit an exact solution:
f(r) =
√
1
1 + ξ
24pi4M4P r
4
, (31)
χ(r) =
√
ξ
2pi2MP
∫ ∞
r
f(r′)dr′
r′3
, (32)
where we imposed the vacuum boundary condition at
infinity: χ(r)→ 0 as r →∞. We see that for r → 0
f ≈ 2
√
6pi2M2P r
2
√
ξ
, χ ≈ −
√
6MP log r . (33)
Thus, the scalar field diverges at the origin: χ(0) = ∞
and the solution is not viable. It is easy to check that
allowing for non-zero potential U(χ) does not change
the above results. Indeed, since on the solution both
r3fU ′(χ) and r2fU(χ) tend to 0 at r → 0, the short-
distance asymptotics of the instanton are still given by
eqs. (33).
To improve the short-distance behavior of the instan-
ton, the higher-dimensional operator δLδ is introduced in
eq. (11). Its role is, first, to make χ(0) finite and, second,
to make B = O(10). Since G(χ) ≈ 1 at χ  MP /
√
ξ,
the equations of motion at short distances reduce to (c.f.
eqs. (29),(30))
6δr3χ′5
M8P f
5
= −
√
ξ
2pi2MP
, (34)
6− 10δr
2χ′6
M10P f
4
= 0 . (35)
12 The measure in eq. (27) is scale-invariant for h → ∞. That a
theory of Higgs inflation should obey this property has already
been proposed long ago [64] (this corresponds to “prescription I”
in the language of [64]). Further discussion of the choice of path
integral measure can be found in [65].
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Figure 2. (a) The field χ (blue) and the metric function f (red) of the instanton solution corresponding to ξ = 107, δ = 0.887ξ2
(chosen so that B = B0), and λ = 10
−3. (b) Contributions Lδ (blue) and LU (red, scaled up 106 times) to the Lagrangian for
the same solution. All dimensionful quantities are in the units of MP .
They again admit an exact solution at r → 0:
f(r) ∼ δ 110 ξ− 310 (MP r) 45 , (36)
χ′(r) ∼ δ− 110 ξ− 15M 115P r
1
5 . (37)
We see that χ(0) is finite now.
In order to solve the full equations of motion (12) nu-
merically, we implement a shooting method. It relies
on the fact that f(r) = 1 and χ(r) ∼ r−2 for large r.
Therefore, we can choose a sufficiently large value of r
and then demand that f(r) = 1 and r2χ(r) = c at this
point, where c has initially an arbitrary value. Using
these boundary conditions, we solve the coupled differen-
tial equations (12). Subsequently, we check if the bound-
ary condition at the origin, i.e., eq. (34), is fulfilled. We
change c accordingly until the discrepancy between the
l.h.s. and r.h.s. of eq. (34) is tolerably small. The left
panel of fig. 2 shows the solution f(r) , χ(r) for exem-
plary values of the parameters of the theory.
The full instanton action is given by
B = −
√
ξχ(0) + 2pi2
∫ ∞
0
dr (Lδ + LU ) , (38)
with
Lδ = 2δr
3G(χ)χ′6
f5
, LU = −fr3U(χ) . (39)
The right panel of fig. 2 shows Lδ and LU as functions of r
for the exemplary solution. We see that the contribution
to the action from the potential term is negligible. The
total value of B results from the balance between the
negative source term and the positive higher-dimensional
term.
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